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INTRODUCTION
The application of optimization methods has allowed the development of complex antenna architectures, especially for the synthesis of microstrip arrays or other printed antenna geometries [1] . Microstrip technology is used in several applications, such as global positioning system (GPS) [2] , mobile communication systems [3] and among others. In many of these applications, beam steering capability is desired, whereby the control of radiation pattern parameters such as half-power beamwidth and sidelobe level is necessary in order to reduce radiated power into unwanted directions. These restrictions are realized by pattern synthesis, which consists of determining the amplitudes and phases of the currents that should be impressed at the terminals of the different elements that compose the antenna array.
The excitation coefficients can be calculated with several approaches. Some classical techniques, such as Fourier transform and the Woodward-Lawson method [4] , may not produce adequate results when applied for beamshaping of complicated patterns, unless a large number of array elements are considered with few elements to compose the array. However, the consideration of large arrays impacts on the complexity for construction. By employing the classical synthesis techniques for a small number of elements, the obtained patterns may have considerable sidelobe levels. The Dolph-Tschebyscheff method is well known for sidelobe level control, but this technique is directly applicable only for arrays composed of isotropic elements. Additionally, the sidelobe level control tends to fail if the main beam is steered off from the boresight. This paper presents an alternative approach for the synthesis of antenna arrays with an efficient and robust technique based on two optimization methods: genetic algorithm (GA) [5] and sequential quadratic programming (SQP) [6] . In [7] , the combination of these methods has demonstrated to provide accurate results in short computation time. The next section presents the antenna array theory used during the optimization process. Then, the combination of GA and SQP methods is discussed, whereby GA is used to start the global search of the desired set of excitation coefficients for the array and SQP is applied for the final refinement of the solution. A high-gain microstrip element designed to operate in the frequency allocated for wireless communication systems is described. The radiation pattern of this antenna has been used to assess the performance of a switched-beam linear antenna array. Finally, the synthesis of isotropic and microstrip antennas is realized and compared.
II. THEORETICAL BACKGROUND
In this work, the mathematical formulation is derived for an array with linear elements arranged along the z-direction, since the array factor for this case is only dependent on the θ coordinate of the spherical coordinate system. The geometry is sketched in Fig. 1 . The mathematical formulation can be easily adapted to array elements along other orientations. The total electric field radiated by a linear array composed of N elements is given by The term can be expanded to
where is a complex value representing the current impressed (excitation coefficient) at the terminals of the i-th antenna, r is the radial distance to the origin of the coordinate, and
is the term containing the angular dependence of the single element radiation pattern used to compose the array. In many studies in the literature, the authors usually consider isotropic elements, i.e. | , | = 1. However, the real antenna radiation pattern does not have isotropic characteristics and is a function of the radiator geometry. For example, in [8] , the pattern of the single element is considered during the optimization process. In (1) and (2), the summation of is known as the array factor (AF), which is a complex and dimensionless quantity that depends on the position of each element in the array and on the excitation current. By specifying a given pattern, the synthesis process is used to determine the complex values (amplitude and phase). 
III. OPTIMIZATION METHODS FOR ARRAY SYNTHESIS
In this paper, two optimization methods have been employed to find the excitation coefficients of linear arrays. Initially, GA was used to search for a set of coefficients that synthesizes the specified pattern; then, SQP was applied to refine the solution. The SQP is always started with the best individual obtained after running the GA.
The GA is based on individuals in the population that are treated as potential solutions to the problem. An initial population is generated randomly and suffers crossover and mutation over generations. With the evolution of the individuals, the GA shall find better results to solve the problem.
The fitness of each individual is given based on the evaluation of its chromosome as a cost function. The cost function used in this study for both methods is based on the error, calculated by
where is the obtained radiated electric field when the linear antenna array is excited by a set of currents, is the desired pattern, corresponds to the difference between of the radiation patterns for a given angle 0°, 180° .
The fitness of each individual is a measure of the solution quality, i.e. how close the specification the solution is. Mathematically, the fitness is defined here as
where is the number of samples in the angular region under optimization. Thus, the chromosome that is represented by the lowest fitness value is considered to be the best adapted individual to solve the proposed optimization problem. In terms of radiated field, one can state that the individual that presents the best fitness will produce the closest radiation pattern to the specification.
For evaluation purposes, each set of excitation coefficients, represented by a chromosome, described as a vector , with the following representation
where | | corresponds to the amplitude and the phase of i-th excitation current.
The desired pattern follows the shape sketched in Fig. 2 , where the main beam should point to . The regions of the sidelobes are defined in the ranges of [ , ] and [ , ] , whereby a maximum allowed value is set and should be equal or less than SLL. For a switched-beam architecture, the mask will be applied for different values of and by keeping the same SLL value for all steering directions. A rectangular patch antenna was designed to operate at the frequency allocated for wireless systems (2.4 GHz). The structure is illustrated in Fig. 3 . In this design, only FR4 laminates were used, in order to obtain a low-cost solution. A 2-mm thick air layer was inserted between the top FR4 laminate and the ground aiming to reduce the overall loss tangent of the structure, hence increasing radiation efficiency.
The FR4 laminate has the following characteristics: thickness 4 of 1.55 mm, dielectric constant of 4.1 and dielectric loss tangent of 0.02. The dimension is used to adjust the input impedance of the antenna. The width of microstrip feed ( ) was set to 10.5 mm so as to result in characteristic impedance equivalent to 50Ω. In Fig. 7 , the simulated and measured results for the reflection coefficient are plotted. Very good agreement between the results is verified. By considering acceptable operation for reflection coefficient values lower than -10dB, the antenna bandwidth is 2.34 to 2.46 GHz. 
V. SYNTHESIS OF AN 8-ELEMENT ARRAY
In this study, a linear array of 8 elements uniformly spaced (0.5 ) along the horizontal direction is considered (see Fig.  1 ). In order to be employed for communication purposes, the array should be able to follow a mobile user by proper beam steering in the azimuth plane. In contrast to fully digital beamforming approach, the antenna under analysis should work as a switched beam array, hence only a discrete number of beams will be considered. Switching to another beam will happen as soon as the mobile user goes to a direction outside the angular region comprised in the HPBW of the beam in use. Initially, the array was assumed to be composed of ideally isotropic elements. The GA was initialized with a population of 70 individuals, with crossover probability of 85%, mutation of 8%, and 7% of individuals treated as elite. The limits of variation of the genes were set to [0, 1] for the amplitude and [-π, π] for the phase. The linear arrays with isotropic elements were optimized over 250 generations with the GA, followed by the SQP started with the best individual. The sidelobe regions were defined approximately between [0°,
-15°], [ +15°, 180°], with maximum allowed SLL 20 dB below the level of the main beam. The steering directions ( ) were defined to be 60°, 75°, 90°, 105° and 120°. These values were chosen so as to obtain gain variations lower than 3 dB when switching over between two adjacent beams.
The results are shown in Fig. 8 . The coefficients found when applying the synthesis algorithm for each beam are shown in Table I . In order to demonstrate the influence of the element radiation characteristic on the synthesized pattern to = 60°, the isotropic elements were replaced by microstrip antennas. The obtained result can be viewed in Fig. 9 . The radiation pattern does not satisfy anymore the specifications.
Subsequently, the radiation pattern of the microstrip element (see Fig. 5 ) was inserted in the synthesis process, resulting in the geometry shown in Fig. 10 . The values for were the same as for the previous analysis, resulting in the beams shown in Fig. 11 . The excitation coefficients for beams are shown in Table II . VI. CONCLUSION
The excitation coefficients synthesized with GA and SQP produce radiation patterns adequate for providing coverage with a ripple lower than 3dB between adjacent beams and SLL lower than 20 dB. The currents obtained can be used in a switched-beam array that can be suitable for base stations of mobile communication systems. The combination of optimization methods allows synthesizing antenna arrays quickly. The obtained coefficients can be stored in a FPGA to be used as a look-up table, hence reducing the processing time for beam steering in comparison to fully digital beamforming architectures. The approach presented in this paper showed to be efficient and can be used for the synthesis of other shapes of radiation pattern as well. 
